Platinum/ruthenium/nitrogen doped diamondlike carbon ͑PtRuN-DLC͒ thin films were deposited on p-Si ͑100͒ substrates with dc magnetron cosputtering by varying the dc power applied to a Pt 50 Ru 50 target to investigate the effect of Pt and Ru incorporation in the films on the bonding structure, adhesion strength, surface morphology, and corrosion behavior of the films by means of X-ray photoelectron spectroscopy, micro-Raman spectroscopy, microscratch test, atomic force microscopy, scanning electron microscopy, and potentiodynamic polarization test. It was found that the incorporation of Pt and Ru in the N-DLC films improved the corrosion resistance of the films in a 0.1M NaCl solution at lower polarization potentials though more sp 2 bonds were formed in the films. However, the films with higher Pt and Ru contents degraded earlier than the ones with lower Pt and Ru contents at higher polarization potentials.
I. INTRODUCTION
A unique combination of corrosion resistance, wear resistance, low friction, chemical inertness, and electrical insulation makes diamondlike carbon ͑DLC͒ films a favorable candidate for protective coatings.
1,2 However, a major drawback of DLC films is a low adhesion resulting mainly from high residual stresses in the films. Some efforts have been committed to the improvement of the adhesion of DLC films to substrates by incorporating metals or nonmetals such as Ti, Zr, W, Nb, Cr, Ni, Fe, Mo, La 2 O 3 , Si, N, B, and P into the films. [3] [4] [5] [6] [7] In addition, doped DLC films can exhibit several enhanced properties, such as higher electrical conductivity, enhanced electrochemical activity, and superior tribological properties under corrosive environments. [8] [9] [10] [11] It was reported that doping of some precious metals such as Pt and Au into DLC films could enhance the adhesion strength of the films by decreasing residual stresses. 12 Corrosion usually initiates at the film imperfection sites, pinholes, places of large compositional inhomogeneity, or sites with induced stresses. The presence of nanopores in DLC films can rapidly lead to the electrochemical dissolution of their substrates due to permeation of water, environmental oxygen, and ions though the films have an outstanding chemical resistance in various environments. Mostly, incorporation of metals in DLC films degrades the corrosion resistance of the films because they serve as active sites on the film surfaces in corrosive media. However, introduction of Si into DLC films could lead to significant improvement in the corrosion resistance of the films by increasing sp 3 phases, 13 while nitrogen doping could lower the corrosion resistance of DLC films by promoting sp 2 phases. Pt and Ru are widely used materials in electrochemical applications. Pt possesses high resistance to chemical and thermal attacks as well as stable electrical properties. Pt is insoluble in hydrochloric and nitric acids, but it can be corroded by cyanides, halogens, sulfur, caustic alkalis, and aqua regia.
14 Ru is often used in Pt alloys to enhance their wear resistance due to its ability to harden these materials and improve their electrochemical performance because of their outstanding catalytic properties coming from bimetallic functions. Ru can be attacked by halogens at high temperatures and dissolved in alkaline solutions, but it is stable in acidic solutions. 14, 15 Magnetron sputtering deposition is one of the most interesting techniques employed to deposit DLC films. This method can produce DLC films with lower residual stresses compared to those produced by cathodic arc discharge or laser deposition methods. A reduced residual stress allows a thicker film to be deposited, which in turn promotes the corrosion resistance of the film by eliminating possible porosities in the film. Noble metal and nitrogen doped DLC films fabricated by dc magnetron cosputtering can be a new type of film material interesting for electrochemical applications.
In this study, the effect of Pt and Ru incorporation in nitrogen doped DLC films prepared by dc magnetron cosputtering on the bonding configuration, surface roughness, adhesion strength, and corrosion behavior of the films was systematically investigated.
II. EXPERIMENTAL DETAILS
Pt/Ru/N doped diamondlike carbon ͑PtRuN-DLC͒ thin films were deposited by dc magnetron cosputtering ͑Penta Vacuum͒ on highly conductive p-Si ͑100͒ substrates ͑0.005-0.02 ⍀ cm͒. The substrates were ultrasonically cleaned with ethanol for 20 min followed by deionized water before they were introduced into the deposition chamber. Prior to film deposition, the Si substrates were further presputtered with Ar + plasma at a substrate bias of Ϫ250 V for 20 min in order to remove the oxide layers and any adsorbed impurities on the surfaces. The background pressure of the deposition chamber was about 7.5ϫ 10 −6 Torr before argon working gas and nitrogen reactive gas were introduced into the chamber at fixed flow rates of 50 and 1 sccm ͑sccm denotes cubic centimeter per minute at STP͒, respectively. The PtRuN-DLC films were prepared by cosputtering highpurity graphite ͑99.999%͒ and Pt 50 Ru 50 ͑99.99%͒ targets of 4 in. in diameter with dc powers of 650 W applied to the C target and 15-30 W applied to the Pt 50 Ru 50 target on the Si substrates rotated at 33 rpm and biased at −30 V under a deposition pressure of 3 ϫ 10 −3 Torr. Though all the depositions were conducted at room temperature, the substrate temperature reached approximately up to 70°C. The deposition time was fixed at 120 min for all the films. A Pt/Ru interlayer between the PtRuN-DLC films and the substrates was deposited with a fixed dc power of 20 W applied to the Pt 50 Ru 50 target for 1 min to promote the adhesion of the films to the substrates and make an Ohmic contact between the films and the substrates.
X-ray photoelectron spectroscopy ͑XPS͒ ͑Kratos-Axis Ultra͒ was employed for elemental and structural analyses with a pass energy of 160 eV for survey scans and 40 eV for detailed scans of C 1s, N 1s, O 1s, Pt 4f, and Ru 3p. The X-ray source used was a monochromatic Al K␣ line ͑h = 1486.71 eV͒ with a power source of 10 mAϫ 15 kV.
The bonding structure of the PtRuN-DLC films was also characterized by using a confocal micro-Raman spectroscope ͑Renishaw RM1000͒ having a He-Ne laser with a 632 nm line over the range of 800-2000 cm −1 . An objective lens ͑50ϫ͒ was used for a better signal-to-noise ratio. The Raman instrument had a spectral resolution of 1 cm −1 and a spatial resolution of 1 m.
The microstructure of the PtRuN-DLC films was investigated with transmission electron microscopy ͑TEM͒ ͑JEOL-JEM-2010͒ and scanning electron microscopy ͑SEM͒ ͑JEOL-JSM-5600LV͒. In the SEM measurement, each sample was coated with a gold layer to avoid electron charging effect.
The adhesion strength of the PtRuN-DLC films was evaluated by using a microscratch tester ͑Shimadzu SST-101͒ having a diamond stylus of 15 m in radius that was dragged down the films under progressive loading conditions at room temperature. The scan amplitude and frequency, scratch rate, and down speed were set as 50 m, 30 Hz, 10 m / s, and 2 m / s, respectively. Five measurements for each sample were conducted, and an average of the critical load values was taken.
Atomic force microscopy ͑AFM͒ ͑Digital Instruments, S-3000͒ with a tapping mode Si 3 N 4 cantilever was used to measure the surface roughness of the films at a scan size of 1 ϫ 1 m
2 . An average value of surface roughness was determined from five measurements per sample.
The water contact angles of the PtRuN-DLC films were measured with a sessile liquid drop method ͑FTA 200͒.
Potentiodynamic polarization measurements of the films were carried out using a potentiostat/galvanostat ͑EG&G 263A͒ in a deaerated and unstirred 0.1M NaCl aqueous solution with a three-electrode flat cell at a scan rate of 0.8 mV/s at room temperature. For the electrochemical tests, the PtRuN-DLC thin film coated samples were cut into 2 ϫ 2 cm 2 square pieces, and a gold layer was deposited on the backsides of the cut samples to make the samples in good electrical connection during the measurements. A circular area of 1 cm in diameter on the film surfaces was tested, and the corresponding potentials were recorded with respect to a standard saturated calomel reference electrode ͑SCE͒ ͑244 mV versus SHE at 25°C͒ in a saturated KCl solution where a platinum mesh was used as the counter electrode. Figure 1 shows N / ͑C+Ru+Pt+N͒, Pt/ ͑C+Ru+Pt+N͒, and Ru/ ͑C+Ru+Pt+N͒ atomic ratios as a function of dc power applied to the Pt 50 Ru 50 target during the film depositions, which are determined from the integrated areas of the XPS N 1s, C 1s +Ru 3d, and Pt 4f peaks. It is found that the dc powers increased from 15 to 30 W give rise to increases in Pt/ ͑C+Ru+Pt+N͒ from 0.022 to 0.042 and Ru/ ͑C+Ru +Pt+N͒ from 0.024 to 0.051 and a decrease in N / ͑C+Ru +Pt+N͒ from 0.127 to 0.085.
III. RESULTS AND DISCUSSION
It is found from Fig. 1 that the Ru contents in the PtRuN-DLC films are consistently higher than the Pt ones for all the dc powers applied to the Pt 50 Ru 50 target. Higher Ru contents in the PtRuN-DLC films are probably attributed to more Ru atoms located in the outermost surface layers of the bimetallic Pt/Ru aggregates that appear on the film surfaces as shown in Fig. 2 . This may be due to a core-shell structure of Pt/Ru aggregates, as proposed by Liu et al., 16 in which one element that is enriched in the core always exhibits a stronger preference for the selection of homometallic bonding than the other element that existed in the shell. In addition, Pt atoms can exhibit a preference of forming homometallic bonding, and thus there would be more neighboring atoms around the cores of the Pt aggregate. 16 Therefore, a Pt-Ru core-shell structure would be thought to possess an inner core enriched with Pt and an outer shell enriched with Ru, 16 which is in agreement with the finding by Babu et al.
17
All the PtRuN-DLC films used in this study were deposited under the same process parameters except the sputter power applied to the Pt 50 Ru 50 target. Therefore, it can be deduced that the increased incorporation of Pt and Ru with higher dc powers on the Pt 50 Ru 50 target mainly contributes to the decreased nitrogen content in the films, indicating the difficult reactive nature of noble metals with nitrogen. Moreover, in the dc magnetron cosputtering processes, the in- creased dc power applied to the target increases the flux of the sputtered species to the substrate surfaces, and their kinetic energy can be estimated from the following relationship: 18, 19 
where U k is the kinetic energy, D w is the target power density, V s is the substrate bias, and P g is the gas pressure.
Since the substrate bias voltage and process pressure are fixed in all the deposition processes, while Ar has a larger ionization rate than that of N 2 , the varying dc powers applied to the Pt 50 Ru 50 target eventually result in the differences in N content in the PtRuN-DLC films. 20 In addition, an increase in surface oxygen percentage adsorbed on the PtRuN-DLC film surfaces with increased dc power applied to the Pt 50 Ru 50 target was observed during the XPS compositional analysis. For example, the quantity of the surface oxygen with respect to 15 W is about 1.5 times larger than that corresponding to 30 W. The increase in surface oxygen percentage results from a greater difference in electronegativities between O ͑ϳ3.44, Pauling scale͒ and C ͑ϳ2.55͒, Pt ͑ϳ2.28͒, or Ru ͑ϳ2.2͒ as compared to the one between C and N ͑ϳ3.04͒.
14 Bewilogua et al. 21 proposed that weakly cross-linked metal doped DLC films could react with oxygen much more promptly. It may be proposed that the increased Pt/Ru aggregates on the surfaces of the films with increased dc power on the Pt 50 Ru 50 target have resulted in more adsorbed oxygen because a nitrogen doped amorphous carbon network surrounded by undissolved Pt/Ru aggregates is not strongly cross-linked.
In Fig. 2 , the dark regions correspond to the Pt/Ru aggregates and the light areas correspond to the N-DLC matrices, where the sizes of the aggregates range between 2 and 5 nm. The TEM image in Fig. 2 demonstrates that the Pt/Ru aggregates are segregated within the N-DLC matrices. Figure 3 shows the XPS spectrum of the PtRuN-DLC film deposited with 30 W applied to the Pt 50 Ru 50 target, where several peaks such as C 1s, O 1s, N 1s, Pt 4s, Pt 4p, Pt 4d, Pt 4f, Ru 3s, and Ru 3d can be clearly identified. The O 1s peak probably comes from surface oxidation during the exposure of the sample to the atmosphere.
The C 1s +Ru 3d spectrum of the PtRuN-DLC film deposited with 15 W on the Pt 50 Ru 50 target is shown in Fig.  4͑a͒ , from which it is observed that the C 1s peak entirely covers Ru 3d 3/2 and partially overlaps with Ru 3d 5/2 . By fitting the spectrum with a Gaussian line shape and by approximating the contribution of the background with the Shirley method, the peak at 284.1 eV is attributed to the C-C sp 2 bonding as the C-C sp 3 bonding contributes to the peak observed at 285 eV.
22,23 C-O bonds resulting from the oxygen adsorbed after the sample's exposure to the air contribute to the peak located at around 286.2 eV. 24, 25 The peak at around 287.5 eV is attributed to C-N bonding. 24, 25 The two peaks at 280.4 and 281.6 eV in the Ru 3d 5/2 region are qualitatively attributed to Ru 0 and Ru-O bonds, respectively, resulting from their spin-orbit coupling effect. 26, 27 The inset in Fig. 4͑a͒ shows the C 1s +Ru 3d spectra of the PtRuN-DLC films deposited with different dc powers applied to the Pt 50 Ru 50 target. A slight shift in the C 1s peaks to lower binding energies ͑285 to 284.7 eV͒ with an increase in the dc power indicates that there are more sp 2 bonds in the films, resulting from the increased Pt and Ru contents in the films. 28 It is known that a higher nitrogen incorporation in an amorphous carbon structure gives rise to a higher fraction of sp 2 bonds. However, in this study, the increase in the sp 2 bonds in the PtRuN-DLC films revealed by the shift in the C 1s peak positions to lower binding energies cannot be correlated with the decrease in the nitrogen content in the films with increased dc power applied to the Pt 50 Ru 50 target. Therefore, it is proposed that the introduction of Pt and Ru into the films probably promotes the increase in the sp 2 bonds in the nitrogen doped amorphous carbon structures, which is in agreement with the literature. 12, 29, 30 The Ru 3d 5/2 peaks also apparently shift to lower binding energies with the increase in dc power on the Pt 50 Ru 50 target, resulting from an increase in neutral Ru as confirmed by the stronger Ru 0 peaks than the Ru-O peaks. In addition, such an increased Ru content in the films results in a decrease in Coulombic interactions between photon-emitted electrons and ion cores, leading to an apparent shift in the peaks to lower binding energies. The XPS analyses of Ru 3d, Pt 4f, and Ru 3p spectra ͓Figs. 4͑a͒-4͑d͔͒ show that their deconvolued components shift to higher binding energies with their increased oxidization states due to the extra Coulombic interactions between the photon-emitted electrons and the ion cores.
In Fig. 4͑b͒ , the N 1s spectrum is deconvoluted into three components peaked at approximately 398.8, 400.5, and 401.8 eV with Gaussian line shapes and a Shirley background. It is found that the surface oxygen contributes to the broad peak centered at about 401.8 eV, resulting in N-O bonds. As reported in the literature, 31 the peaks at around 398.8 and 400.5 eV can be attributed to nitrogen atoms each of which is bonded by either two carbon atoms with one having a bond ͑N-sp 2 ͒ or three C atoms all bonded ͑N-sp 3 ͒. From the inset of Fig. 4͑b͒ , a slight shift in the N 1s peaks to lower binding energies ͑398.8 to 398.5 eV͒ with increased dc power applied to the Pt 50 Ru 50 indicates that the increased Pt and Ru contents with increased dc power have caused the configuration of nitrogen incorporated amorphous carbon networks changed from N-sp 3 to N-sp 2 , as confirmed by an apparent increase in N-sp 2 / N-sp 3 area ratio from 2.39 to 3.04. It can be further pondered that the occupancy of N in aromatic rings is increased by the increased Pt and Ru contents in the films.
The Pt 4f region composed of three spin-orbit doublets is shown in Fig. 4͑c͒ , where the Pt 4f components located at about 71.1, 71.9, and 73.2 eV are attributed to Pt 0 , Pt 2+ , and Pt 4+ , respectively, due to neutral Pt and its oxides. 26, 27, 32 The Pt 4f spectrum illustrates that the PtRuN-DLC films used in this study consist of a significant amount of oxidized Pt species. An increase in neutral Pt having lower binding energies and weaker extra Coulombic interactions with the increase in dc power applied to the Pt 50 Ru 50 target shift the spin-orbit coupling peaks of Pt 4f ͑7/2,5/2͒ to lower binding energies, as shown in the inset of Fig. 4͑c͒ .
Two spin-orbit couplings of Ru 3p ͑3/2,1/2͒ recorded at about 461.9 and 463.4 eV are shown in Fig. 4͑d͒ , where the main peak at around 461.9 eV is attributed to Ru 0 , while 463.4 eV is related to Ru-O. 26, 27, 32 An apparent shift in the Ru 3p ͑3/2,1/2͒ peaks to lower binding energies with increased dc power applied to the Pt 50 Ru 50 target ͓inset in Fig. 4͑d͔͒ is not found. Figure 5 shows the deconvoluted Raman spectrum of the PtRuN-DLC film deposited with dc power of 15 W applied to the Pt 50 Ru 50 target. The spectrum is well fitted with two Gaussian peaks for G ͑graphite͒ and D ͑disordered͒ bands lying on a linear background. The inset in Fig. 5 shows the Raman spectra of the PtRuN-DLC films with different dc powers applied to the Pt 50 Ru 50 target. The asymmetrical shapes of the Raman spectra are changed to a symmetrical shape by developing the D peak ͑inset in Fig. 5͒ with the increased Pt and Ru contents in the films.
Both G and D peaks shift from 1548 to 1535 cm −1 and from 1380 to 1374 cm −1 , respectively, with the increased dc power, as shown in Fig. 6͑a͒ . A redshift of both peak positions is mainly attributed to the introduction of Pt and Ru into the nitrogen doped amorphous carbon structures, resulting in an increase in the specific mass of the entire networks. [33] [34] [35] In addition, their inherent longer bond vibrating at a lower frequency is also a fact of the redshift of both peaks. 36, 37 The Raman peak intensities of the PtRuN-DLC films decrease with the increased Pt and Ru contents in the films ͑inset in Fig. 5͒ , which are similar to those of the metal doped DLC films, as reported in the literature, 38, 39 due to increased inactive phases. The inactive phases result from the undissolved Pt/Ru aggregates within the nitrogen doped amorphous carbon matrices because of their larger atomic radii compared to that of C. In addition, similar electronegativity values among Pt, Ru, and C are one of the reasons for the undissolved Pt/Ru aggregates in the carbon matrices. 35, 40 Furthermore, the increased Pt/Ru aggregates with the increased Pt and Ru contents in the films result in a contraction effect on the surrounding matrices, causing a reduction in the vibrational frequency of the neighboring bonds around them by absorbing their vibrational energies. This may also contribute to the downward shifts of both peak positions.
The full widths at half maximum ͑FWHMs͒ of both G and D Raman peaks decrease with the increased dc power from 15 to 30 W ͓Fig. 6͑b͔͒. Alternatively, such a decreased FWHM for the G peak with increases in Pt and Ru contents in the films can be correlated with a decrease in residual stress in the films. Ting and Lee 41 and Morrison et al. 12 reported that the reduction in G-band width with respect to metal incorporation could be attributed to a decrease in residual stress within DLC films. 30 The information about the carbon bonding structure such as graphite clustering and structure disordering can be obtained from an intensity ratio ͑I D / I G ͒ between D and G peaks. 42 , 43 Tan and Cheng 44 reported that the tendency of nitrogen was to promote clustered sp 2 bonding, which in turn reduced the sp 3 content with increased nitrogen in DLC films. According to the XPS results, the I D / I G ratio would have downshifted with decreasing nitrogen content in the films. However, such a correlation between the I D / I G and nitrogen content is not found in this study. Therefore, the observed upshift of the I D / I G ratio from 1.81 to 2.43 with the increased dc power ͓Fig. 6͑c͔͒ can be related to an increase in graphitelike phases induced by the increased Pt and Ru contents in the films. 30, 45 It was reported in the literature 30, 46 that metal phases could enhance graphitization of amorphous carbon around them because the metal phases could act as catalysts due to a high sputtered carbon energy. A sputtering process can provide sufficient energy to locally heat amorphous carbon on a metal surface according to a thermal spike mode. 47 Moreover, the amorphous carbon contacting with the metal phases transforms into graphite at a relatively low temperature. [46] [47] [48] Therefore, it can be depicted that a local increase in sp 2 bonds in the amorphous carbon matrices is induced by metal-induced graphitization, [46] [47] [48] [49] which is also consistent with the work reported in the literature, [50] [51] [52] in which metal atoms in the carbon matrices catalyze the formation of sp 2 sites. The incorporation of N in the amorphous carbon structures promotes not only the formation but also the clustering of sp 2 sites. 53 An applied normal load corresponding to an abrupt change in tangential force, which comes from an instant adhesive failure between the PtRuN-DLC film and the Si substrate, is taken as a critical load. 54 It is found in Fig. 7 that the critical load of the PtRuN-DLC films increases from 338 to 407 mN, while the dc power on the Pt 50 Ru 50 target is increased from 15 to 30 W, indicating that the adhesion strength of the films to the substrates increases with increased Pt and Ru incorporations. 30 It is well known that the adhesion strength of the films is strongly influenced by the residual stresses existing in the films, which result from the enhanced cross-linkage and bond distortions in the films caused by the bombardment of the high energetic impinging ions during the film deposition. [55] [56] [57] However, compressive residual stresses can be decreased by increased sp 2 / sp 3 ratio in the films since the sp 2 bonds are shorter than the sp 3 bonds. 58 Therefore, the increased sp 2 sites in the PtRuN-DLC films having higher Pt and Ru contents have enhanced the adhesion strength of the films to the Si substrates. In addition, the undissolved Pt/Ru aggregates could relax the rigidity of the amorphous carbon structures. The increased Pt and Ru contents in the films with the increased dc power lead to a proportional increase in the critical load. Moreover, a nitrogen doped amorphous carbon structure can have an inherently lower residual stress than a pure amorphous carbon structure because of shorter C = N bonds compared to C-C or C = C bonds. Thus, several factors attributed to the noble metal incorporation, such as low solubilities of noble metals in amorphous carbon structures, formation of noble metal- carbon nanocomposites, and graphitization of DLC structures, apparently influence the adhesion strength of the DLC films to the substrates by causing the relaxation of the stresses in the films. 59, 60 From the AFM images shown in Fig. 8 , the film with higher Pt and Ru contents ͓Fig. 8͑b͔͒ has larger asperities than the film with lower Pt and Ru contents ͓Fig. 8͑a͔͒. The surface roughness of the PtRuN-DLC films increases from 1.3 to 1.9 nm with the increased dc power applied to the Pt 50 Ru 50 target from 15 to 30 W due to increased sp 2 sites and Pt/Ru aggregates in the films.
30,61 Figure 9 shows the distilled water contact angles of the PtRuN-DLC films deposited with different dc powers applied to the Pt 50 Ru 50 target. It is well known that the wettability of a solid surface is strongly affected by its surface characteristics. The increased water contact angle from 79°t o 83°for the PtRuN-DLC films with increased dc power applied to the Pt 50 Ru 50 target indicates the decreased surface energy or wettability of the films. A similar result was reported by Choi et al. 62 for their study on the effect of Ag concentration doped in DLC films on the surface energy of the films. The formation of a surface oxide on a DLC film surface due to the adsorption of atmospheric oxygen could reduce the water contact angle by increasing the film surface energy via strong polarities induced by C-O, Pt-O, and Ru-O bonds. 63, 64 However, the increased water contact angles of the PtRuN-DLC films with increased Pt and Ru contents in the films ͑Fig. 9͒ illustrate that the surface energies of these films are not apparently influenced by the adsorbed surface oxygen. Chen and Hong 64 and Grischke et al. 65 reported that the surface energy of DLC films could be affected by the incorporation of nitrogen into the films due to carbon-nitrogen bonds that greatly enhanced the surface polarity and imposed attractive forces to react with polar H 2 O molecules. The decreased nitrogen content in the PtRuN-DLC films with increased dc power applied to the Pt 50 Ru 50 target ͑Fig. 1͒ probably increases the water contact angle as the polarity of the films is weakened. 64 Besides, the Pt/Ru aggregates on the PtRuN-DLC film surfaces would also cause a decrease in surface polarity by decreasing the fraction of carbon-nitrogen bonds. Therefore, the increased Pt and Ru contents in the PtRuN-DLC films with increased dc power are one of the reasons for the increased water contact angle.
Though it was reported that material surface roughness can influence water contact angle, 66, 67 the PtRuN-DLC films used in this study have very smooth surfaces, and small variations in their surface roughnesses may not significantly affect the water contact angles of these films. Figure 10͑a͒ shows the potentiodynamic polarization curves of the PtRuN-DLC films measured in 0.1M NaCl solutions in atmospheric environment as a function of dc power applied to the Pt 50 Ru 50 target, which are analyzed using a Tafel technique to obtain corrosion parameters such as corrosion potential ͑E corr ͒ and current ͑I corr ͒. Thereafter, polarization resistance ͑R p ͒ is calculated from the anodic ͑␤ a ͒ and cathodic ͑␤ c ͒ Tafel slopes and corrosion current ͑I corr ͒ according to the following formula:
where R p is in kilohm, ␤ a and ␤ c are in terms of V / I decade, and I corr is in microampere. From Fig. 10͑a͒ , it is found that there are mainly active and transpassive regions in the anodic branches of the polarization curves. The observed passivated region in the anodic branch of the polarization curve of the PtRuN-DLC film deposited with 20 W applied to the Pt 50 Ru 50 target may come from the formation of some passivated Pt/Ru aggregates ͑Pt-O and/or Ru-O͒ by reacting with water through the following equation: [58] [59] [60] [61] dc power applied to the Pt 50 Ru 50 target indicate that the introduction of Pt and Ru into the N-DLC films can induce an improved corrosion resistance of the films. A shift in E corr to more positive values ͑17-149.5 mV͒ ͓Fig. 10͑c͔͒͒ reveals that the PtRuN-DLC films require a higher applied potential for the dissolution of the films with increased Pt and Ru contents in the films. In addition, Pt and Ru may be electrochemically more stable than C, which also contributes to the shift in E corr to more positive values by promoting their cathodic protective behavior so that the polarization occurs at more positive potentials. The increased water contact angles of the films with increased dc power applied to the Pt 50 Ru 50 target reveal that a decreased film surface energy improves the corrosion resistance of the films by lowering the surface activity of the films. The above mentioned effects on the corrosion resistance of the films are so strong that the increased sp 2 sites in the films with the increase in the dc power applied to the Pt 50 Ru 50 target cannot be simply correlated with the increased corrosion resistance of the films at lower potentials. However, a significant increase in the anodic current observed beyond the applied potential of 1 V can be related to the increased sp 2 sites in the films because these sites have reduced the rigidity of the sp 3 -bonded structures, resulting in an easy, prompt dissolution of the films with increased sp 2 -bonded fraction at higher applied potentials. 69 In addition, the increased anodic current of the films is also attributed to the increased Pt/Ru aggregates in the nitrogen doped amorphous carbon structures, resulting from the weak interatomic interactions between the Pt/Ru aggregates and the matrices because these weak interfacial bonds can be easily attacked by electrochemically active species. In reality, the film dissolution comes from the reaction of the film with the electrochemically active species in the electrolyte. When the atoms of a film are ionized in an electrolytic solution, the electrons released will flow through the path of the lowest resistance of the film to the places where cathodic reactions occur. Therefore, the most important reactions come from the reduction in dissolved oxygen, water molecules, and hydrogen ions in the electrolyte with the released electrons via the following possible reactions: Furthermore, these electrochemically active species permeated into the interfaces between the films and the underlying substrates through some pores or defects in the films will attack the weak interfacial bonds between them. The attack becomes more severe with higher Pt and Ru contents in the films because these aggregates create easier paths, allowing the permeation of the electrochemically active species into the interfaces by developing interfaces between the aggregates and the C matrix. Galvanic corrosion, which occurs between the films and the substrates due to an electrochemical potential difference between them, accelerates the attack to the interfaces. Consequently, the corrosion products formed at the film-substrate interfaces may also force the films to delaminate from the substrates. A higher applied potential during the anodic scanning can also promote the above phenomena. Therefore, the PtRuN-DLC films having higher Pt and Ru contents ͑e.g., deposited with 25 and 30 W applied to the Pt 50 Ru 50 target͒ show a more severe delamination as revealed by the SEM micrographs ͓insets in Fig.  10͑c͔͒ . When the delamination of the films occurs, the corrosion current starts to increase. However, such delamination is not found in the PtRuN-DLC films deposited with 15 and 20 W applied to the Pt 50 Ru 50 target, confirming that lower amounts of sp 2 sites and Pt/Ru aggregates contained in the films are responsible for hindering a high anodic current flow from the films at higher applied potentials.
The increased surface roughness of the PtRuN-DLC films with the increased dc power applied to the Pt 50 Ru 50 target may also contribute to the corrosion of the films because of a larger exposed surface area to the corrosive medium, thus causing a more prompt dissolution. It can be deduced that the corrosion resistance of the PtRuN-DLC films with the increased Pt and Ru contents in the NaCl solution increases at lower applied potentials but degrades at higher applied potentials.
IV. CONCLUSIONS
The bonding structure, adhesion strength, surface roughness, and corrosion resistance of the Pt/Ru/N incorporated DLC films prepared with dc magnetron cosputtering were investigated in terms of the dc sputtering power applied to the Pt 50 Ru 50 target with the following conclusions:
• The nitrogen content was reduced with increased Pt and Ru contents in the films. The XPS C 1s peaks of the films entirely overlapped with Ru 3d 3/2 and partially overlapped with Ru 3d 5/2 . According to the fitted N 1s peaks, the area ratio between N-sp 2 and N-sp 3 bands increased from 2.39 to 3.04 with higher Pt and Ru contents in the films. The Pt 4f region was composed of three sets of spin-orbit doublets, namely, Pt 0 , Pt 2+ , and Pt 4+ , peaked at about 71.1, 72.1, and 75.1 eV, respectively, attributed to the pure Pt and its oxides. Two sets of spin-orbit couplings of Ru 3p ͑3/1,1/2͒ were recorded at about 461.9 and 463.4 eV that were attributed to Ru 0 and Ru-O, respectively.
• Both G and D Raman peak positions decreased while the I D / I G peak intensity ratio increased with higher Pt and Ru contents in the films, which trends were in agreement with the XPS results.
• The corrosion resistance of the PtRuN-DLC films increased with the increase in the Pt and Ru contents in the films when the applied potential was below 1 V. However, with higher polarization potentials beyond 1 V, the films with higher Pt and Ru contents showed higher anodic currents in the 0.1M NaCl solution due to the delamination of the films.
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